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INTRODUCTION 
Physical  chemical  studies  of  the  proteins  of  peripheral  nerve  have  been 
undertaken in  this laboratory in  extension of the investigations of the nerve 
axon  with  polarized  light  (1)  and  electron microscopy  (2,  3).  The  positive 
form and  intrinsic  birefringence of  axoplasm  indicate  (1)  the  presence of  a 
longitudinally oriented submicroscopic component which has internal structural 
regularity; this component constitutes only a  small fraction of the volume of 
the  axoplasm.  Electron micrographs  (2-4)  show  longitudinally oriented fila- 
ments  100  to  150 A  in width  and  indefinitely long.  These axon filaments in 
fixed preparations have nodular enlargements along their length but no regular 
period  is  present.  They appear  smoother in  outline when  fresh  axoplasm  is 
dispersed  in  distilled water. 
Earlier studies  of the protein constituents  of peripheral nerve include  the 
description  of  a  protein  complex  ("neuronin")  obtained  by  Bear,  Schmitt, 
and Young (5) from extruded squid axoplasm and believed to be characteristic 
of nerves generally. 
An  ultracentrifugal  and  electrophoretic study  of  axoplasm  extruded from 
the giant nerve fiber of the common squid has been undertaken by the author 
to lay the groundwork for a general fractionation scheme. It is the purpose of 
the present  paper  to  describe certain of the  constituents of squid axoplasm, 
particular  emphasis  being  placed  on  the  isolation  and  characterization of  a 
fibrous protein which is considered to represent the chief component of neuro- 
fibrils. A globule-fiber (G-F) transformation, or more correctly speaking  a  de- 
polymerization of this protein, has been demonstrated. 
* This investigation  was supported in part by a research grant from the Division 
of Research  Grants  and  Fellowships  of the  National Institutes  of Health,  United 
States Public Health Service; in part by a grant from the Office of Naval Research; 
and in part by a grant from the Trustees under the wills of Charles A. King and Mar- 
jorie King. 
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Materials and Methods 
The investigation  was initiated  in the summer of 1951,  the squid  being ob- 
tained at the Marine Biological Laboratory, Woods Hole, and continued during 
the summer of 1952 with squid brought directly to Cambridge. 
The  two  dorsal  giant  nerve  fibers  and  occasionally  the  two  next  lateral 
giant  fibers  of  the  common  squid  (Loligo  pealii)  were  used.  From  a  single 
dorsal giant fiber of the squid about  5 rag. of axoplasm,  representing 0.6 mg. 
of axoplasmic solid may be obtained.  Since many of the experiments  here de- 
scribed require something of the order of 30 mg. it became necessary to devise 
methods  by which  many squid  could  be  collected  and dissected  daily during 
TExT-FIG.  1. Massachusetts  Institute  of Technology squid  truck.  Top view. 
the summer season.  Because of numerous inquiries  concerning this operation a 
few of the more significant details  are given below. 
Squid  Collection and  Dissection.--The  squid  were  taken  from  commercial  fish 
traps  off Sakonnett,  Rhode Island.  1 In transporting  the squid  to Cambridge  and in 
dissecting  the  nerves  there,  two problems were posed which are  of general  interest 
to any group wishing to work upon marine forms but having no facilities  at a marine 
aquarium.  These  are:  (1)  The  maintenance  of the  animals  in good condition while 
they are  being  transported  over fairly large  distances  (85  miles  from  Sakonnett  to 
Cambridge)  and  (2)  arranging for flowing  sea water  for the  dissection  at  the home 
laboratory. 
Our equipment on the squid  truck  (Text-fig.  1)  was similar to that developed by 
the  Marine  Biological  Laboratory,  Woods  Hole.  The  squid  were  contained  in  a 
conical  tank  through  which  could  be  circulated  about  400  gallons  of refrigerated, 
1  We gratefully  acknowledge  the  generous  cooperation of Messrs.  Holder Wilcox 
and  Carl  Wilcox  in  securing  the  squid. aYLES  MAX~I~LD  203 
aerated, sea water. Freshly caught squid were carefully transferred from the nets to a 
barrel in which they were kept in flowing sea water while on the boat. At the dock 
the squid were agitated gently, encouraged to eject their "ink," and then transferred 
to fresh sea water in the conical squid tank aboard the squid truck. The water in this 
tank was then flushed out to remove any remaining ink. The storage tank valve was 
opened and  the  squid supplied continuously with recirculated, aerated, refrigerated 
sea water for the  remainder of the  trip to  Cambridge. The  temperature was  main- 
tained  below  22°C.  and  preferably between  15  and  19°C. 
Dissection of  the  squid usually began at Massachusetts Institute of Technology 
about 4  hours  after  the  squid  were  caught  and  was  completed in  about  another  5 
hours. 
TEXT-FIG.  2.  Squid  dissecting laboratory. 
At Massachusetts Institute of Technology sea water was piped from  the storage 
tank on the truck to the squid dissecting boards in the dissecting laboratory (Text- 
fig. 2). 
The  nerve  bundles were  dissected from  the  squid  mantles  in  flowing sea  water 
under  a  dissecting microscope. The  giant  nerve  fibers were  cleaned  of  connective 
tissue and associated fibers, rinsed in sea water, again rinsed briefly in distilled water, 
blotted dry, and placed on a  clean dry parafilm-covered glass microscope slide. The 
axoplasm was immediately extruded by rolling a glass rod over the fiber. This proce- 
dure minimized contamination of axoplasm with sheath material and reduced the loss 
of water-soluble axoplasmie constituents. The extruded axoplasm, rounded up into a 
nearly spherical drop on the hydrophobic parafilm, was immediately placed with for- 
ceps into the appropriate solvent. 
RESULTS 
Studies of Crude Squid A xoplasm.--An ultracentrifugal study was undertaken 
of squid axoplasm extruded by various methods and dispersed in  solutions of 
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The  axoplasm  of  squid  giant  fibers  was  extruded  into  a  small  volume  of 
distilled  water.  The plug of axoplasmic gel was then placed with a  forceps into 
ootassium  phosphate  buffer pH  7.7,  #  =  0.1. 
TExT-FIG. 3.  Ultracentrifuge  pattern  of  squid  axoplasm  in  potassium  phosphate 
pH 7.7,  #  =  0.1  (59.780  R.P.~.,  (a) bar angle 55 °,  10 mm. running  time.  (b),  (c),  (d) 
bar angle 45  ° photos at 16 minute  intervals). 
TExT-FIG. 4.  Ultracentrifuge  pattern  of squid  axoplasm  in  potassium  phosphate 
pH 6.0, #  =  0.1  (59,780  R.I~.M., (a) bar angle 50  °,  1 minute running time.  (b),  (c),  (d) 
45 °,  7 minute, 4 minute,  8 minute intervals respectively). 
TExT-FIG. 5.  Ultracentrifuge  pattern  of squid  axoplasm  in  0.1  M glycine pH  6.0 
(59,780  R.I'.M. (a),  (b),  (c) at  16 minute intervals.  (d)  after 45  minute  interval). 
A  typical ultracentrifuge  pattern  of axoplasm, prepared  in  this manner and 
dialyzed  overnight  against  the  same buffer,  shows  four  very small  peaks  not 
clearly resolved. 
To avoid the possibility of losing water-soluble material from the axoplasmic 
plugs they were extruded  on a  clean dry glass surface and  transferred  directly ~s  g~x~mz~  205 
to buffer. A typical pattern of axoplasm so obtained in phosphate buffer pH 7.7 
appears in Text-fig.  3. Two tall extraordinarily sharp peaks are dearly visible, 
and  others are  present  but not  distinctly  resolved. The  most  rapidly  sedi- 
menting peak is much larger than in patterns of axoplasm extruded into water. 
Each experiment required the axoplasm from 30 to 50 squid and a fresh sample 




TExT-Fro.  6  (a and  b). Electrophoresis pattern  (drawing) of squid axoplasm in 
potassium phosphate buffer pH 7.7,/~  ~  0.1. (a)  ascending boundary  35 minutes. 
(b) descending boundary 60 minutes. 
Ultracentrifuge patterns of squid axoplasm prepared as above and suspended 
in potassium phosphate  buffer pH 6.0,  ~  ffi  0.I  appear in Text-fig. 4  and, 
suspended in 0.1 ~  glycine pH 6, in Text-fig.  5. In phosphate pH 6.0 a large 
amount of undissolved material appears at the bottom of the cell in the first 
photograph. The fast sharp peak in glycine is double. 
The absolute and relative sedimentation velocities as well as the concentra- 
tions of the various components depend on the solvent conditions. There is also 
marked  variation  of sedimentation  velocity, especially of the  more  rapidly 
sedimenting  peaks,  with  protein  concentration.  There  is  an  apparent  re- 
semblance between the ultracentrifuge pattern of crude squid axoplasm and 
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tained from representatives of two different phyla (Mollusca and Crustacea). 
This resemblance,  however, as will appear below, is at least in part superficial 
and need not indicate molecular similarity between the components. 
An electrophoresls  pattern of crude squid axoplasm in potassium phosphate 
buffer, pH -  7.7, ]~ == 0.1, is shown in Text-fig.  6. The macromolecular com- 
ponents  of axoplasm have distinctive  electrophoretic properties,  four peaks 
are dearly visible. This technique is not at present used to follow fractionation 
because of the large amount of material required for a single experiment and 
because of the dit~culty of working at low ionic strength.  It is, of course, not 
possible  to  correlate  individual  electrophoresis  peaks  with  those  in  ultra- 
centrifuge patterns. Electrophoresis patterns are used, however, as additional 
criteria  of purity.  The  existence of a  complex,  easily resolvable pattern  of 
crude axoplasm emphasizes the value of a  single peak in patterns of purified 
components. 
Isolation of the Fibrous Component of Squid Axoplasm.--Potassium phosphate 
buffer, pH 6.0,/~  =  0.1,  was chosenfor the initial extraction because of the 
selectivity of the extraction,  the ease of separation of the fast ultracentrifuge 
peak, and especially because of the sharpening of the fast peak as it approached 
the bottom of the cell in this buffer. This last fact indicates marked interaction 
of the sedimenting particles and  suggests their filamentous nature.  The pH 
is quite critical; all but the most slowly sedlmenting material precipitates at 
more acid reaction  and  the peak separation  becomes more difficult  in more 
alkaline solution. After extraction for 3 to 5 hours in  1 volume of phosphate 
buffer, pH  ~  6.0,  #  =  0.1,  the undissolved sediment was removed in  the 
ultracentrifuge  and  discarded.  The fast sharp pea  k  was then  sedimented to 
the bottom of the cell and the supernate discarded. All centrifuging was done 
in  the analytical  ultracentrifuge  for better control of the operation  because 
the sedimentation velocity varied markedly with protein concentration,  pH, 
and ionic strength.  The sedimented fast peak did not redissolve in phosphate 
buffer but the sediment was redispersed and centrifuged repeatedly until the 
slowly sedimenting material was no longer  visible in the ultracentrifuge pat- 
terns. The final sediment was redissolved in 0.1 x~ glycine solution and any un- 
dissolved material centrifuged off. Glycine and alanine were unique among the 
solvents tested in their ability to redissolve the sediments. Phosphate, citrate, 
acetate, and barbital buffers, at pH's from 3 to 9, as well as potassium and 
sodium chlorides  and water were tested. 
Viscosities determined on the original solution and on successive supernates 
indicate that the greatest part of the viscosity of whole axoplasm is associated 
with the fast sharp peak in the ultracentrifuge. The viscosity of whole axoplasm 
has been studied by Jakus and Hodge (unpublished data) and in greater detail 
by Geren  (unpublished  data)  and  was  believed by them  to  be associated 
with the presence of axon filaments.  The ultracentrifuge  fraction containing 
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The marked variation of sedimentation velocity of the fast, sharp peak with 
protein concentration as  estimated  from the  area  under  the  peak  is  further 
evidence for the filamentous nature of the particles responsible for this peak. 
In extremely low concentration the filament peak may sediment to the bottom 
of the cell while the ultracentrifuge is coming up to speed.  In very high con- 
centration the filament peak may take 1 to 2 hours to sediment to the bottom 
and  separates  so poorly from the slower peaks  that  fractionation cannot  be 
done. 
Studies  of Purity  of  the  Fibrous  Component.--Text-fig.  7  shows  a  typical 
ultracentrifuge pattern of purified axon filament in 0.1 •  glycine solution. The 
peak is single and extremely sharp, indicating a steep viscosity gradient across 
the boundary. The excessive sharpening of the peak toward the bottom of the 
ultracentrifuge cell indicates a  high degree of particle interaction which is to 
be expected of filamentous particles, especially in the low ionic strength medium 
TEXT-FIG. 7.  Ultracentrifuge  pattern  of axon  filaments  in  0.1  M glycine pH 6.0 
(59,780 R.I'.M., bar angle 45  °, photos (a) 53 minutes;  (b) 69 minutes;  (c) 85 minutes; 
(d)  107  minutes  from time  of reaching  speed). 
used and the consequent expanded ion atmosphere. The rising base line toward 
the bottom of the cell is present in every preparation of axon filaments in gly- 
cine,  even  the  purest  filaments,  and  again  indicates  particle  interaction 
rather  than  the  presence  of  a  second  component.  The  peak  remains  single 
whether the time of sedimentation to the bottom of the cell is a few minutes or 
over an  hour,  and  at  all  concentrations  tested.  This  is  further  evidence of 
protein purity and also points up the difficulty of extrapolating the sedimenta- 
tion  constants  to  zero  concentration.  Also  the  viscosity corrections were  so 
large (from five to ten relative viscosity in various preparations) that the calcu- 
lation of an s~0 would be so inaccurate as to be  practically meaningless.  The 
ultracentrifuge was used, therefore, only as a criterion of purity, and additional 
information was obtained from other more suitable methods. 
The  axon  filaments  are  estimated  from  ultracentrifuge  data  to  represent 
less than  10 per cent of the total macromolecular components of squid giant 
nerve fiber axoplasm. 
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extremely low concentration showed small single boundaries and indicated that 
the isoelectric point is acid to pH 6.0,  as would be expected from the solubility 
characteristics of axon filaments. 
Electron  Microscope Observations.--Electron  microscopic  investigations  of 
purified  axon  filaments have been  carried  out.  In  general  the  findings  agree 
well with those of Scbmitt (2) and Schmitt and Geren (3). Fig. 1 shows unfixed 
and  unstained  filaments  deposited  on  a  collodion  membrane  from  glycine 
solution washed with water and shadowed with chromium. This type of prepa- 
ration demonstrates that the filaments are not artifacts produced by the stain 
or  fixative.  The  filaments  of  indefinite  length  but  constant  width  are  con- 
taminated  with  little  extraneous  material.  Nodular  enlargements  appear  at 
irregular  intervals  along  the  filaments.  No  definitive  period can  be  demon- 
strated common to all fibers; however, some degree of order is apparent. The 
lengths of the filaments vary with the harshness of the treatment. Old prepara- 
tions or ones that were centrifuged several times appear shorter. Little tendency 
of the filaments to aggregate laterally has been observed in the electron micro- 
scope. 
In order to study the structure of the filaments, preparations were examined 
which had been fixed and stained with osmic acid (Fig.  2), and the same but 
shadowed with chromium (Fig.  3).  Areas of increased density are seen in  un- 
shadowed  preparations  where  the  enlargements  appear  in  shadowed  prepa- 
rations but an occasional filament appears quite smooth. The nodular enlarge- 
ments are more apparent here than in unfixed preparations and the filaments 
are slightly thicker but the general form of the filaments is unchanged. 
Very dense granules of osmic acid or reduced form thereof are clearly visible 
arranged  along  the  filaments.  Some filaments  were  fixed  in  a  test  tube  and 
some fixed on the grid. Those fixed in a test tube appear somewhat cleaner and 
freer from large osmic granules. 
Axon  filaments  stained  with  phosphotungstic  acid  are  shown  unshadowed 
(Fig. 4). Prominently shown are the areas of increased density. The phospho- 
tungstic acid was buffered at pH's 1.8,  4.0,  and 6.0.  The pH 6.0 preparations 
are by far the most satisfactory in that they show the least distortion  of the 
filaments and  stain most uniformly. No filaments have been observed at pH 
4.0 (in the range of isoelectric precipitation of axon filaments); only clumps of 
fibrous material are seen. At pH 1.8 many coiled and twisted filaments are seen. 
Formalin-fixed axon filaments unshadowed  (Fig. 5) are quite distorted.  The 
width is not uniform, varying from filament to filament and along the length 
of a  given filament.  The enlargements are very pronounced  but still not ob- 
viously periodic with axial direction. 
To what extent the enlargements are part of the filaments, or are extraneous 
material  bound  to  the  filaments is  not  known.  The  presence of filaments in 
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Ultraviolet Absorption  Spectrura.--The  ultraviolet  absorption  spectrum  of 
axon filaments in 0.1 glycine solution at pH 6.0 obtained in a  microcell  in a 
Beckman spectrophotometer is shown in Text-fig.  8. The curve is typical of a 
protein with a  single maximum at 276 mt~ and a  minimum at 254 m#. The 
scatter of the points is probably due to the use of the microcell which makes 
optical alignment  of the spectrophotometer rather  critical.  The preparations 
used for spectroscopy Were at no time dialyzed and so were free from ultra- 
violet-absorbing  contamination  from  this  source.  (Ultraviolet-absorbing 
material can, under certain circumstances, be extracted from dialysis tubing.) 
The small molecular weight material was rem6ved in the ultracentrifuge. 
Viscosity Studies. Et~nce for a Reversible Dissociation of Axon Filaments.-- 
The  fact  that  the relative  viscosity of dispersed  crude  axoplasm  decreases 
reversibly with  increasing  ionic  strength  was  shown  by Jakus  and  Hodge 
(unpublished data).  This phenomenon was confirmed  and  studied in greater 
detail by Geren (unpublished data) who demonstrated a  similar decrease in 
relative viscosity with increasing  pH. These results suggested that axon fila- 
ments might break down into smaller units in certain solvents. The possibility 
of demonstrating such a change in state of axon filaments became apparent with 
the isolati~ 01 filaments ili t~lativeiy pm~ fiirm. To this ~  the specillc vis- 
cosity of solutions of axon filameht~ hi 0,| ~  glycine was measured and extra- 
polated to near zero col~e.~tration  ~T~t-~ig.  9,  upper c~rv~).  This clLrve is 
interesting in that although all solutions are quite dilute, starting at relatively 
high  concentrations  the specific viscosity is extremely high.  Towards higher 
concentrations the curve is nearly horizontal showing good promise o( the pos- 
sibility of extrapolation t6 zero ctticerit~tation. Below a ~in  con~ttation 
the specific viscosity decreases markedly to relatively low values with such a 
great slope that extrapolation to zero concentration is impossible. This indicates 
a  marked decrease in axial  ratio of filaments with dilution.  If the ~latively 
fiat portion of the viscosity curve is extrapolated to zero concentration and 
Simha's  equation applied  to the very ap~proximate intrinsic  viscosity so ob- 
tained, an axial ratio of about 100 is calculated for the axon filaments.  This is a 
reasonable value in view of the electron microgrsphs of axon filaments.  It has 
not been possible to determine the axial  ratio of the dissociated products of 
axon filaments but it is surely much less than that of the filaments themselves. 
The  lower  curve  of  Text-fig.  9  represents  the  specific  viscosity of  axon 
filaments dissolved in potassium phosphate buffer, pH  ffi  8,5,  #  =  0.1.  This 
b~ffer was chosen to make certain that as many as possible of the filaments 
would be in  the  dissociated form since  the viscosity measurement  tends to 
weight excessively the effect of filamentous components in solution and obscure 
the low viscosity of the dissociated components. The specific viscosity of this 
preparation is markedly lower tha.t that of the glycine solution but is still not 
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positive  slope throughout so that determination of the intrinsic viscosity by 
extrapolation is by no means accurate. The components  of this solution  cer- 
tainly have a lower axial ratio than axon filaments. The viscosity data supply 
positive evidence for a transformation in the state of axon filaments from one 
of high to one of low axial ratio, depending on the solvent conditions. Further- 
more,  this change  is reversible  as shown by the recovery of a  high specific 
viscosity in preparations in the phosphate buffer which have been redialyzed 
against glycine  solution.  The  viscosity of axon  filament preparations  falls 
gradually, even in glycine solution,  on standing for several  days. This phe- 
nomenon was studied in crude  axoplasm  by G-eren (unpublished  data). The 
reason for the fall is not understood but it implies that the reversibility  of the 
transformation cannot be demonstrated by a return of viscosity to its initial 
value in glycine solution.  The viscosity should only be expected to return to 
the viscosity of a  control  axon filament preparation which has remained in 
glycine solvent for the duration of the experiment. This is indeed the result of 
experiment.  Viscosities of solutions  of axon filaments  in phosphate buffer at 
pH 6.0 and pH 7.5 have been investigated and are found to be intermediate 
between those of glycine and phosphate pH 8.5 solution. 
The existence of a  transformation in the state of axon filaments has been 
investigated and confirmed with the dectron microscope. The presence  and 
structure of axon filaments in glycine solutions have been amply demonstrated 
with the electron microscope. Axon filaments are not observed in preparations 
in potassium phosphate buffer at pH 8.5 with any fixing, staining, or shadowing 
technique used. Some amorphous material is present,  (Fig. 6), but the structure 
of this material is not apparent with the resolutions  available.  A major con- 
tribution of this study is that there is no evidence for lateral aggregation  of 
axon filaments in alkaline phosphate solutions, a possibility which might have 
been consistent with the viscosity observations. 
The reversibility  of the transformation has also  been  confirmed with the 
electron microscope. Fig. 7 shows a sample of axon filaments which had been 
placed in phosphate at pH 8.5, under which condition no filaments are visible, 
and later returned to 0.1 ~ glycine solution. Axon filaments are clearly present. 
They are shorter than in original  glycine preparations, and the nodules are 
quite prominent but  otherwise  they do not differ in structure from typical 
axon filaments. 
Ligkt-Scattering Studies 
Still further evidence concerning the transformation of axon filaments was 
sought by means of light-scattering analysis. Text-fig.  10 shows a Zimm plot 
of axon filaments in 0.1 ~ glycine solution, in which 8 is the angle subtended at 
the center of the solution between the direction of the observed scattered beam 
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light intensity, C is the concentration of solute in grams per liter, and K  is a 
constant.  The zero concentration extrapolated curve has less curvature than 
that  which  would indicate  a  rigid  rod in  solution;  it probably represents  a 
somewhat flexible rod but not a  random coil, in agreement with the electron 
micrographs.  It is a  property of this type of plot that  the extrapolated zero 
concentration curve and the extrapolated zero degree curve meet in a point on 
the axis of ordinates. The reciprocal of the ordinate of this point is equal to the 
particle weight of the solute. This indicates that the particle weight of axon 
filaments is of the order of 10  s. The accuracy in this range is, of course, very 
tow but it does give an order of magnitude. 
There is no evidence in this graph for a transformation of axon filaments oa 
dilution. 
A  slml]ar  study was made of the light  scattered  from a  solution of axon 
filaments in potassium phosphate buffer, pH ffi 8.5~/~ ~  0.1. The data obtained 
in  this  experiment  are  not  sufficient  for a  Zimm  plot;  however,  aU  points 
obtained lie far above those of the glycine solution and any possible manner of 
extrapolation indicates a marked decrease in particle weight. The reversibility 
of the transformation was not tested with this technique. 
DISCUSSION 
It is possible to bring squid  to Massachusetts Institute  of Technology, a 
distance of 85 miles from the fisherman's dock, and have them arrive alive and 
remain alive until they are used in the experiment. Since the squid have lived 
for several hours in the tank on the truck, the condition of the squid is worthy 
of some comment. Dr. Martin Lubin, of this laboratory, found that the resting 
potential of the giant nerve fibers of these squid is uniformly somewhat lower 
than that of squid examined during the summer of 1951 at Woods Hole. Some 
squid from each batch die in the tank and opacities are frequently observed 
in the muscle of the mantle of some squid. These facts indicate that the squid 
are not in the best physiological  condition although they are very active and 
their nerves conduct. The ultracentrifuge pattern of crude squid axoplasm at 
Massachusetts Institute of Technology is similar to the patterns obtained at 
Woods Hole. 
Further changes occur in axoplasm foUowing the death of the squid.  Axo- 
plasm in a conducting nerve is a gel and remains so until dispersed in buffer. 
Ultracentrifuge  patterns  of axoplasm  obtained  as  quickly as possible after 
death  show a  sharp  "filament"  peak.  Electron  micrographs  of axoplasm in 
sections of giant  nerve fibers,  or of axophsm dispersed quickly in water or 
glycine solution show filaments similar  to those of purified preparations.  This 
along with the polarized light evidence suggests that axon filaments  (like those 
shown in purified preparations)  are present in living  nerve. 
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somewhat limited.  The presence of a  single peak in the ultracentrifuge is a 
satisfactory criterion  but is made less rigorous by the presence of a large vis- 
cosity gradient across the boundary. A contaminating peak moving with nearly 
the  velocity of the filament peak  might be  accelerated  or retarded  by the 
viscosity of the medium sufficiently to merge with the filament peak.  This is 
rendered less likely and the evidence for purity strengthened by the fact that 
the filament peak remains single at all concentrations and viscosities tested. 
The use of boundary spreading  in the ultracentrifuge is not possible because 
of the extreme boundary sharpening  due in turn to the viscosity gradient. 
Electron microscopy as a  criterion  of purity must be considered with due 
regard to the statistical difficulties imposed by the small size of the samples 
observed and with regard to the resolution available.  Contaminating material 
is  small  in amount,  as  was  demonstrated by inspection  of more  than one 
hundred electron micrographs  of purified axon filaments. 
By far the more valuable contribution to this study of electron microscopy 
is the direct visualization of axon filaments. These axon filaments are identical 
in structure and size with those studied by Schmitt (2) and Sebmltt and Geren 
(3). The  diameters of  113  axon filaments from electron  mierographs  were 
found to have a mean of 119 A and a standard deviation of 30 A. Another series 
of 95 axon filaments had a mean of 131 A and a standard deviation of 28 A. 
Formalin appears to be the most damaging fixative causing variation in width 
of filaments and enhanced nodules. Preparations fixed with osmic acid or phos- 
photungstic acid (pH 6.0) show typical filaments. 
The solubility properties  of axon filaments indicate that they are included 
in the protein complex called neuronin by Bear, Schmltt, and Young. 
The relation of axon filaments to fraction A of lobster extracts is not clear. 
Certainly the size and shape of these two components as shown by the electron 
microscope  are  quite  different,  superficial  similarity of  the  ultracentrifuge 
patterns notwithstanding. Axon filaments  have never been  observed  in this 
laboratory in extracts of lobster nerve. There is as yet no evidence to correlate 
fraction A (6) with the less asymmetric form of axon filaments. 
Viscosity and light-scattering data are consistent with the electron  micro- 
scope evidence  in indicating a  flexible rod-like  particle of axial ratio of the 
order of one hundred and particle weight of the order of l0  s  . 
The only evidence available  at present for the protein nature of axon fila- 
ments is the ultraviolet absorption spectrum which has a single maximum at 
276 m#. Amino acid analyses are planned for the summer of 1953 when squid 
can again be obtained. The presence of a small amount of nucleic acid could 
not be excluded. 
The presence  of "globule-fiber"  transformations makes it difficult  to  de- 
termine whether axon filaments are the only fibrous components in axoplasm. 
Under the conditions studied, the greater part of the viscosity of axoplasm is MYLES MAX'FIELD  215 
due to axon filaments. The viscosity of material sedimenting more slowly than 
axon filaments is little different from that of the solvent. The heavier material 
does not appear fibrous in the electron microscope. However, some sharpening 
of other peaks in the ultracentrifuge has been observed. 
It should be noted that purified axon filaments are not entirely in the fibrous 
form under conditions of pH and ionic strength which are present in living 
axoplasm. However,  the rather  specific  effect of glycine in preserving axon 
filaments in the dispersed fibrous form suggests that other constituents of axo- 
plasm may stabilize the fibrous form. 
The term globule-fiber (G-F)  transformation is  not properly applied  here 
bemuse the particle weight diminishes. The term G-F transformation should 
be reserved for those particles which have a globular form and a fibrous form 
of the same particle weight. The smaller form of axon filaments has not yet 
been characterized. 
The  light-scattering,  viscosity,  and  electron  microscopic  evidence  here 
presented demonstrates the existence of a reversible transformation of the form 
of axon filaments which occurs with change of pH and ionic strength or de- 
crease of protein concentration. The transformation involves a decrease of axial 
ratio and a  decrease of particle weight and is probably in the nature of a  de- 
polymerization. 
SUMMARY 
1.  Axoplasm of squid giant nerve fibers is examined with the ultracentrifuge 
and electrophoresis apparatus and several distinct components demonstrated. 
2.  One of these components, a protein called axon filaments, is isolated by 
fractional  extraction  followed by  differential ultracentrifugation and  redis- 
solving in glycine solution. Axon filaments are monodisperse by ultracentrifuga- 
tion. Their physical chemical properties have been studied. 
3.  The existence of a reversible transformation of axon filaments into a par- 
ticle of lower molecular weight and lower asymmetry has been demonstrated. 
This work is part of a broad program of investigation of ultrastructure and chem- 
istry of nerve by Dr. F. O. Schmitt, Dr. B. B. Geren, Dr. B. A. Koechlin, and Dr. 
Martin  Lubin. The  light-scattering  studies  were  made  in  apparatus  constructed 
by Mr. Paul Gallup and were done under his direction. I wish to express appreciation 
for the interest,  encouragement,  and assistance of Professor F. O. Schmitt and all 
the members of the Massachusetts  Institute of Technology squid group who made 
this work possible, as well as for the technical assistance of Mr. Robert Hartley and 
Mrs. Genevieve Graf. 
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EXPLANATION OF PLATE 4 
Fie.  1.  From  glycine  solution,  unfixed,  unstained,  shadowed  with  chromium. 
X  8,100. 
FIG. 2.  Osmic fixed and  stained,  unshadowed.  X  7,900. 
Fro.  3.  Osmic  fixed  and  shadowed  with  chromium.  X  12,300. 
Pro.  4.  Stained  with phosphotungstic  acid.  Unshadowed.  ×  7,400. 
FIG.  5.  Formalin  fixed,  unshadowed.  X  9,100. 
FIo. 6. Depolymerized in potassium phosphate, pH 8.5, #  -  0.1. Chromium shad- 
owed.  X  8,900. 
FIo.  7. Reconstituted  axon filaments in 0.1  ~  glycin~  X  10,900. THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  VOL.  37  PLATE 4 
(Maxfield: Axoplasmic proteins  of  squid  giant  nerve fiber) 